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The XENON1T collaboration has observed an excess in electronic recoil events below 5 keV
over the known background, which could originate from beyond-the-Standard-Model physics. The
solar axion is a well-motivated model that has been proposed to explain the excess, though it has
tension with astrophysical observations. The axions traveled from the Sun can be absorbed by the
electrons in the xenon atoms via the axion-electron coupling. Meanwhile, they can also scatter
with the atoms through the inverse Primakoff process via the axion-photon coupling, which emits
a photon and mimics the electronic recoil signals. We found that the latter process cannot be
neglected. After including the keV photon produced via inverse Primakoff in the detection, the
tension with the astrophysical constraints can be significantly reduced. We also explore scenarios
involving additional new physics to further alleviate the tension with the astrophysical bounds.
Axions are pseudo-goldston bosons which natu-
rally arise from the beyond-the-Standard-Model (BSM)
physics scenarios [1–3]. Due to an approximate shift sym-
metry, they can be naturally light. Typically, they are
very weakly coupled to other particles, which makes them
a good candidate of dark matter or dark sector particles.
The phenomenology of the axions is rich and they give
unique signals in cosmology, astrophysics, and particle
physics [4–8].
XENON1T, a dual-phase Liquid Xenon detector, is one
of the leading experiments looking for dark matter. Due
to its large volume and low backgrounds, the XENON1T
is also sensitive to other rare processes potentially related
to the BSM physics. Recently, the XENON1T collabo-
ration reported their searches for low-energy electronic
recoil, with an excess in the range of 1-5 keV, which can-
not be accounted for by the known backgrounds [9]. The
XENON1T collaboration has also performed a fit to the
excess using the solar axion model [10]. Since the report
from XENON1T collaboration, there have been active
speculations about the explanation of the excess [11–38].
It is tempting to explain the XENON1T excess using
the solar axions since the axion energy spectrum nat-
urally matches the excess. The axions are produced
in the Sun from several processes, including the Pri-
makoff process γ + Ze → Ze + a; the Atomic axion-
recombination and de-excitation, Bremsstrahlung, and
Compton scattering processes (ABC); and the nuclear
transitions. Hence, the axion-photon gaγ , axion-electron
gae and axion-nucleon gan couplings enter in the produc-
tion. With its tiny coupling to photons, the keV axions
have a long lifetime and can travel from the Sun to the
XENON1T. For the processes in the detector which can
give the signal, XENON1T [9] considered only the axion-
electron coupling. In this case, the axions could be ab-
sorbed by the electrons in xenon atoms.
The relevant axion couplings can be summarized in the
following Lagrangian,
L ⊃ −gae ∂µa
2me
e¯γµγ5e− 1
4
gaγaFµν F˜
µν . (1)
Fµν is the field strength of photon, and its dual F˜µν =
1
2
µναβFαβ . However, the parameter space of the solar
axion interpretation of the excess is in tension with he
astrophysical observations of stellar evolution including
the White Dwarfs (WD) and the Horizontal Branch (HB)
stars in the globular clusters (GC) [9, 22].
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Figure 1. The solar axion induced photon signal through the
inverse Primakoff process.
In this letter, we take into account the fact that at
keV energy range, the current XENON1T experiment
can hardly distinguish the detector response of photons
from that of electronic recoils. Hence, instead of elec-
tronic recoil, the low-energy photons generated through
the inverse Primakoff scattering between solar axion and
the xenon atoms in the detector can mimic the electronic
signal, as shown in Fig. 1. Using inverse Primakoff pro-
cess to detect axion is proposed in the cryogenic experi-
ments via Bragg scattering [39–41], and is applied by the
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2collaborations [42–47]. However, it is not included in the
liquid time projection chamber type experiments previ-
ously. We show that, after including both the electronic
recoil and the inverse Primakoff process, the tension be-
tween the solar axion explanation and the astrophysical
constraints is significantly reduced.
To further alleviate the astrophysical bounds, we
proposed two models: (1) U(1) Baryon gauge bosons
and (2) DM density-dependent interactions. The letter
is structured as follows: we first describe the detection
using the inverse Primakoff process, and after consid-
ering the astrophysics and terrestrial constraints, we
present the fit to the data of XENON1T. We then
discuss the possible extensions of new physics to further
alleviate the tension between the constraints and the
XENON1T fit. We conclude in the end.
Detection from inverse Primakoff process.— In
this section, we compute the contribution to the elec-
tronic recoil from the inverse Primakoff process
a+ Xe→ γ + Xe,
where Xe represents the xenon nucleus. The differential
cross section is given by [39, 41, 48]:
dσinvPrima→γ
dΩ
=
α
16pi
g2aγ
q2
k2
(
4− q2/k2)F 2a (q2), (2)
where α is the fine structure constant, k is the momentum
of the incoming axion and q is the momentum transfer.
In the limit of small axion mass, ma  |k|, the energy
of the outgoing photon is also approximately |k|. Fa is
the form factor characterizing the screening effect of the
electric charge of the nucleus. It can be written as
Fa(q
2) = Zk2/(r−20 + q
2), (3)
where Z = 54 is the atomic number of xenon and r0 is
the screening length [39], that can be determined numer-
ically. We take eq. (3) and fit the form factors reported in
Ref. [49] and obtain r−10 = 4.04 keV = (49 pm)
−1, which
is close to the reciprocal of the xenon atomic radii 108
pm [50].
Next, we calculate the event rate from solar axions with
both the inverse Primakoff process and the axioelectric
effect. The cross section of the latter process is given by
[51, 52]
σae = σpe
g2ae
βa
3E2a
16piαm2e
(
1− β
2/3
a
3
)
, (4)
where σpe is the photoelectric cross-section [53] and βa is
the axion velocity. We will focus on the low energy excess
(. 5 keV) throughout this letter, hence only consider the
contributions to solar axion flux from the ABC process,
ΦABCa , and the Primakoff process, Φ
Prim
a , and neglect that
from nuclear transition of 57Fe. The ABC flux originates
from the axion-electron coupling and is given by ΦABCa ∝
g2ae [54]. The Primakoff flux is given by [55]
dΦPrima
dEa
= 6× 1010cm−2s−1keV−1×( gaγ
10−10GeV
)2( Ea
keV
)2.481
e−Ea/(1.205keV). (5)
Given the solar axion flux Φa, the differential event
rate after including both axioelectric and inverse Pri-
makoff processes in the detection is given by
dR
dEr
=
NA
A
(
dΦABCa
dE
(Er) +
dΦPrima
dE
(Er)
)
× (σinvPrima→γ (Er) + σae(Er)) , (6)
where NA is Avogadro constant, and Er represents the
electronic recoil energy, which is faked by photons in the
inverse Primakoff process.
To compare with the results reported by the
XENON1T collaboration, we further smear the differ-
ential event rate with a Gaussian with its variance sat-
isfying σ/Er = a/
√
Er + b. A numerical fit to the data
of XENON1T energy resolution [56] yields a = 35.9929
keV1/2 and b = −0.2084. After the smearing, we apply
the detector efficiency [9].
Fig. 2 shows two examples of the differential event
rate of the electronic recoils given different values of
gae and gaγ . In the case that gae = 0, the spectrum
is only determined by the detection of ΦPrima through
the inverse Primakoff process. It is clear that with gae
switched off, solar axions can still account for the low
energy excess, although the fit is not as good as that
allowing both gae and gaγ to be non-zero.
Constraints from astrophysics and terrestrial ex-
periments.— The most severe constraints on the solar
axion explanation of the XENON1T excess is from the
astrophysical observations of the stellar cooling in the
HB and red-giant branch (RGB) stars, which we review
below.
Axions with sizable gaγ and gae couplings speed up
the burning of the H-core for RGB and that of the He-
core for HB. The lifetime of the stars in the two phases
is proportional to their observed numbers. Therefore,
one can use the R-parameter, the ratio of the number
of HB stars to that of RGB stars, R ≡ NHB/NRGB, to
constrain the stellar cooling due to axions. Ref. [57] re-
ported the averaged R-parameter over 39 globular clus-
ters with Rav = 1.39 ± 0.03. Assuming gae = 0, gaγ is
constrained to be gaγ < 6.6 × 10−11 GeV−1 with 95%
C.L. For non-zero gae, Ref. [58] presented two theoret-
ical models which give slightly different predictions of
the R-parameter. In Fig. 3, we adopted the resulting
95% C.L. constraints on gae − gaγ plane for both models
from Fig. 4 of [58]. We further discuss the bound de-
pendence on He mass fraction of the globular clusters in
the Appendix. The bremsstrahlung energy loss from the
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Figure 2. Fit to electronic recoil energy spectrum with gaγ
only (top) and both gaγ and gae allowed (bottom).
axion-electron coupling affects the white dwarf luminos-
ity function (WDLF) and constrain gae . 2.8×10−13 [59].
The same cooling argument on RGB yields a constraint
of gae . 4.3× 10−13 [60]. The global fit of the solar data
constrained gaγ < 4.1× 10−10 GeV−1 [61]. In Fig. 3, we
also show the favored gae − gaγ parameter region to ex-
plain the exotic stellar cooling that hints at a new cooling
mechanism beyond the neutrino emission [22, 62].
On the terrestrial experiments side, the axion
searches from LUX [63] using axioelectric effect suggest
gae < 3.5 × 10−12. Similar constraint is also shown by
PandaX [64]. The CAST experiment [65] constrains
light axions with gaγ < 6.6 × 10−11 GeV−1. But this
bound can be significantly weakened if the axion mass is
about & 1 eV.
Results.— In this section, we first present our fit to the
XENON1T excess and compare it with the astrophysical
constraints, as shown in Fig. 3. We scan two parame-
ters gae, gaγ , and apply the method of least squares to
the XENON1T data to find the 90% C.L. contours with
(solid red) and without (dashed red) including the in-
verse Primakoff process. In comparison, we also show the
constraints (95% C.L.) from astrophysical observables in-
cluding WDLF, the tip of RGB, and the R-parameter
(with two models), as well as the constraints from the
global fit of the solar data and the direct search at LUX.
From Fig. 3, we see that the inclusion of the inverse-
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Figure 3. The 2D axion couplings parameter fit for the
Xenon1T excess after including the inverse Primakoff process.
Our best fit (90% C.L.) to the XENON1T excess is shown in
the red shaded region with the solid boundary. In compar-
ison, a “XENON-like” analysis with only the electron recoil
included as the signal yields a fit shown in the region with the
dashed boundary. The main difference is that the inclusion
of the inverse Primakoff process allows for a region in which
gaγ is relatively large while gae can be very small, reducing
the tension with the astrophysical data. Also included are
the constraints (95% C.L.) from astrophysical observables in-
cluding WDLF [59], the tip of RGB [60] and the R-parameter
(with two models) [58], as well as the constraints from the
global fit of the solar data [61], LUX [63], and PandaX [64],
with arrows denoting excluded regions. The shaded green re-
gion contains 1 σ to 4 σ contours favored by the anomalous
stellar cooling [22, 62].
Primakoff process has a significant impact on the
parameter region preferred by the XENON1T data. In
particular, it opens up a parameter region in which
gaγ  gae and the inverse Primakoff process gives rise
to the observed signal. Moreover, it prefers a gaγ which
is in the region of a few×10−10, one order of magnitude
smaller than the preferred gaγ without the inclusion of
the inverse Primakoff process, satisfying the constraints
from the global fit of the solar data, and significantly
reducing the tension with the stellar cooling bound.
Possible extensions.— From the previous discussion,
we see that even though the inclusion of the inverse Pri-
makoff process can significantly improve the prospect of
explaining the XENON1T excess with the solar axion,
it is still in tension with the stellar cooling bound. If
the excess is indeed completely due to new physics, there
remains three possibilities. It could certainly come from
other new physics instead of the solar axion, in which case
a new explanation of the keV scale needs to be found. It
is also possible that there is additional uncertainty in the
4stellar cooling bound which still has not been appreci-
ated. Instead of pursuing these avenues, we will explore
a third possibility. Namely, we introduce new physics
in addition to the solar axion to help relax the tension
between the XENON1T excess and the stellar cooling
bound.
(I) One way to alleviate the astrophysical bound is us-
ing axion coupling to both photon and dark gauge boson
A′ carrying the U(1)B Baryon charge,
L ⊃ −1
2
gaγA′aF
′
µν F˜
µν + gBA
′
µJ
µ
B . (7)
The U(1)B A
′ couples to Xe nucleus, but not the elec-
trons, such that the form factor suppression from the
screening effect of the electric charge of the nucleus is
removed, and there is an extra enhancement factor of
A2/Z2 by coupling to both protons and neutrons. The
inverse Primakoff for a + N → γ + N is mediated by
t-channel A′ and its cross-section is
σA
′
a→γ =
g2aγA′αBA
2
8
(2η2 + 1) log(4η2 + 1)− 4η2
η2
F 2n ,
(8)
where η = k/mA′ , k is the momentum of the axion,
αB = g
2
B/4pi, Fn is the nuclear form factor which is al-
most 1 for momentum transfer at keV scale and A is
the number of the nucleons in the nucleus. This cross-
section also applies to the Primakoff production of axion
flux from HB and Sun. It is proportional to A2 with A′
mass suppression but no nuclear form factor suppression.
Recall that the inverse Primakoff via gaγ is proportional
to Z2, and after counting the suppression from screen-
ing length r−10 , the screened charge of Xenon changes
to Zsc = 5.3 at q = 3 keV. Given the large A = 131
for xenon, we hope this A2 can greatly benefit the de-
tection using heavy elements. We found when A′ mass
is about r−10 , the enhancement in the detector is about
its expected form A2/Z2 ' 6. When mA′ < r−10 , the
enhancement factor is proportional to A2/Z2sc which is
quite large. However, when mA′ > r
−1
0 there is no en-
hancement for the detection. The other reason not con-
sidering larger mA′ is that the energy loss in star from
the Primakoff process will be proportional to ( TmA′
)4 for
m′A  T . The central region in the Sun is cooler than
the core of HB and RGB stars. Therefore, we obtain
stronger bounds from the stars in the case of the heavy
A′.
We follow Ref. [48] to calculate the Primakoff in-
duced flux and take the light A′, mA′ = 0.1 (1) keV,
as examples. The energy loss or flux at the HB and
Sun is rescaled by 15.6 (8.0) and 16.9 (4.3) times
αBg
2
aγA′/(αgaγ2) comparing with the flux from the gaγ
coupling. In both HB and Sun, they are both domi-
nated hydrogen and helium, therefore the difference be-
tween Z2 and A2 are not significant. For the detection at
XENON1T, the cross-section can be enhanced by about
400 (90) times αBg
2
aγA′/(αgaγ2). Therefore, when hav-
ing the solar axion flux explain the XENON excess, the
energy loss rate from the star could be reduced to 19 %
(40 %). This is able to alleviate the tension between as-
trophysics and XENON1T excess if mA′ . 3 keV.
Besides U(1)B , one can also consider U(1)B−L by con-
sidering the enhancement from neutron number (Z−A).
(II) In this second scenario, we consider that if the
axion interactions are all assisted with ultralight dark
matter φ, the bounds can be weakened. The ultralight
dark matter assisted interactions are,
L ⊃ − φ
Λe
∂µa
2me
e¯γµγ5e− 1
4
φ
Λ2γ
aFµν F˜
µν . (9)
The ultralight dark matter has a very large occupa-
tion number in the solar system, because its mass
is very small e.g. mφ = 10
−21 eV. Given the rela-
tion with local DM density ρφ = m
2
φφ
2/2, one can
obtain the classical value of the φ field which be-
haves as a vev when there is any DM density. Hence
the axion photon and axion gluon coupling are re-
spectively given by gae = 〈φ〉/Λe ∝ √ρφ/Λe and
gaγ = 〈φ〉/Λ2γ ∝ √ρφ/Λ2γ . Comparing with the Solar
system where the Milky Way (MW) galaxy is abundant
of DM (ρlocalDM ∼ 0.3 GeV/cm3), the globular clusters
(GCs) typically have a lower dark matter mass fraction
(e.g. fDM . 6% for NGC 2419 [66]) comparing to
that of MW (84%). Of course, to determine the local
DM density around the HB and RGB stars in the 39
GCs that set the R-parameter constraint, one needs to
determine the DM profile of each GC and the location
of the stellar populations within them, which is beyond
the scope of this paper. But assuming ρDM = 0.1ρ
local
DM
around HB stars in GC allows the coupling on gaγ
and gae to decrease by a factor of
√
10. Using the two
theoretical models of the R-parameter described in the
Appendix, this in turn relaxes the constraint on gaγ
(assuming gae . 10−13) from gaγ < 6.6 × 10−11 GeV−1
to gaγ < (2 − 3) × 10−10 GeV−1 when adopting the
suggested averaged R value (Rav = 1.39± 0.03) and the
He abundance (YHe = 0.254 ± 0.003) from [57]. The
favored parameter space to explains the XENON1T
excess remain unchanged.
Conclusions.— Solar axion is an appealing explanation
for the XENON1T excess, with its energy naturally in the
keV range. In this letter, we have emphasized the impor-
tance of including photon with a similar recoil spectrum
as a possible explanation for the XENON1T excess. In
particular, it can significantly reduce the tension between
the solar axion explanation and the astrophysical data,
in particular, the stellar cooling bound. Introducing ad-
ditional new physics can further alleviate the remaining
tension.
We conclude here by briefly discussing future
prospects. We expect further sharpening the stellar
cooling bound certainly helps to clarify the situation.
If there is indeed additional new physics that helps
to relieve the tension with the astrophysical bound, it
5would be interesting in exploring other possible signals
of these new physics. For example, a more sensitive
search for the U(1)B can have the potential of shedding
new light on this scenario. We also note that it is
possible to have new physics models in which the photon
comes from completely different sources. For example,
it can come from a different dark matter scattering
process [28] or from decaying from an excited state of
the dark matter [23, 37]. In these cases, the spectrum
of the photon would be different from the one from the
inverse Primakoff process. Future data can be used to
distinguishing these scenarios.
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Appendix: Dependence of R-parameter con-
straints on the He abundance.— The quickened core-
burning process of HB and RGB from axion cooling can
be compensated by a larger He abundance. This leads to
a degeneracy between the He mass fraction, YHe, and the
axion couplings, gae and gaγ when setting up constraints
with observed R parameter and weakens the coupling
constraints when the uncertainties on the He abundance
is large.
The determination of YHe is particularly changeling for
GC due to the absence of the spectroscopic window in the
direct detection and the difficulties in stellar simulation.
Given the similar O/H composition between the selected
GCs and the low-metallicity HII regions, Ref. [57] uses
the YHe of the later environment to approximate that of
the former one and adopted YHe = 0.254±0.003. Ref. [57]
also adopts the He abundance from the Big-Bang nucle-
osynthesis and that from the early solar system as the
lower and higher bounds for YHe in GCs.
Ref. [57] updates the theoretical predictions of the R-
parameter by including both the gae and gaγ coupling.
The two models (labeled as A and B) are given by
RAth = 6.26YHe − 0.41
(
gaγ
10−10 GeV−1
)2
− 0.12
− 0.053
( gae
10−13
)2
− 1.61δMc , (10)
or
RBth = 7.33YHe − 0.095
√
21.86 + 21.08
(
gaγ
10−10 GeV−1
)
+ 0.02− 0.053
( gae
10−13
)2
− 1.61δMc , (11)
where
δMc = 0.024
[(( gae
10−13
)2
+ 1.232
) 1
2
−1.23−0.138
( gae
10−13
) 3
2
]
.
(12)
In Fig. 4, we showed the resulting 95 % C.L. con-
straints on the gae − gaγ plane with the suggested value
YHe = 0.255 ± 0.03 from the low-metallicity region [57].
To highlight the consequence of YHe uncertainty, we also
set YHe of GCs to that of the primordial He abundance
YHe = 0.245± 0.003 [67] and that of the early Solar sys-
tem [68], YHe = 0.278± 0.006. Note that by approximat-
ing YHe to the early Solar system value, we assume no
chemical evolution occurred during the 8 Gyr between
the formation of GC and the Solar system. This is very
unlikely.
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